Context: Universal immunization against Bordetella pertussis has partially controlled the burden of the disease and its transmission. However, according to recent data, the epidemiology of this vaccine-preventable disease has changed. Now, younger infants, adolescents, and adults are at greater risk of infection. This article has studied the interaction between the various factors involved in the changing epidemiology of pertussis and the major obstacles faced by the current strategies in its prevention.
Context

Preface
To better understand the epidemiology of pertussis, physicians must be familiar with basic epidemiologic concepts such as vaccine effectiveness (VE) and efficacy, effective transmission (or contact) rates, pathogen adaptation, pathogen fitness, and selection pressure. Because discussion of these concepts is beyond the scope of this review, readers should refer to the available resources that can be found elsewhere for additional background information as required (1, 2) .
In this review, the most recent data on pertussis epidemiology in infectious disease textbooks and also in related scholarly articles has been reviewed. MeSH-term words including [pertussis] or [whooping cough] and [epidemiology] or [outbreak] or [resurgence] were our primary focus in screening the more recent data about the changing epidemiology of pertussis in Scopus, but our search was not restricted to this particular strategy; we also tried to find all of the most recent available data in the general field through other means as well.
Introduction
Bordetella pertussis is a small gram-negative respiratory pathogen, and it is the main etiologic agent of pertussis (whooping cough). Pertussis is a highly communicable disease with an attack rate of 100 percent in susceptible individuals. Pertussis infection is the cause of substantial morbidity around the world. It is estimated that 16 million cases of pertussis occur annually, and about 195,000 deaths occur per year (3) .
Before the introduction of the pertussis vaccine, pertussis was a common cause of illness and death among younger infants and children. Typical pertussis has a prolonged course with three phases. The initial or catarrhal stage is characterized by upper respiratory symptoms that last for one to two weeks; the second or paroxysmal stage is marked by sudden attacks of severe cough with a characteristic "whoop" and post-tussive vomiting that lasts for several weeks. Finally, the third or convalescent stage is accompanied by gradual resolution of the coughing spells and lasts for several months. Pertussis is also one of the most important causes of chronic cough among adolescents and young adults due to the waning immunity in previously immunized individuals. Confirmation of clinically suspected cases of pertussis is based on culture or polymerase chain reactions (PCR) of a nasopharyngeal swab. However, more sensitivity has been found with the use of molecular tests (4) .
Neither infection nor vaccination can provide permanent immunity, and despite the high vaccination coverage in childhood, the disease continues to be one of most the serious bacterial infections among vaccine preventable diseases (5) (6) (7) (8) (9) (10) (11) (12) (13) .
Although there are improved surveillance systems, revised index case definitions and more accurate diagnostic tests may also have played a role in the recent increase in reports of the disease's incidence; nevertheless, a genuine increase in the incidence rate of the disease may itself have been a factor. Without national and local surveillance, it is difficult to analyze and interpret the epidemiological trends both between and within countries. Vaccination coverage and immunization schedules, case definition, diagnostic challenges, and alterations in vaccine types for routine immunization programs all may influence the major obstacles for control of this disease in different parts of the world.
Evidence Acquisition
This study attempts to investigate the barriers that exist against control of the disease in different regions of the world, and also provides current evidence for its prevention through the use of different strategies. Finally, the best recommendations will be proposed for disease control in Iran in light of considering the various strategies available.
Results
Epidemiology
The oldest reported epidemic of pertussis had been reported by Bahaodowle Razi, a Persian physician, in 15th century AD (14) . Pertussis still continues to be an important public health problem in developing countries to this day (15) . Despite the current prevention strategies, pertussis bouts occur with large multi-annual epidemics interspersed between cycles of a smaller amplitude (16) .
Efforts to produce a vaccine with fewer side effects and a better safety profile were initially met with the introduction of the acellular pertussis vaccine. Although this vaccine has few adverse effects compared with the whole-cell vaccine, it has important effects on changing the epidemiology of pertussis (see discussion of vaccine effectiveness, vaccine type, and colonization rate in the following paragraphs).
The world health organization (WHO) continues to recommend whole-cell vaccines in resource-limited countries for primary pertussis vaccination (17) . The latest WHO reports indicate that the most recent rates of infant pertussis-related deaths remained either similar to or lower than those of previous pertussis epidemics in the past two decades. Additionally, the latest reports of WHO's SAGE indicated a resurgence in disease-related morbidity and mortality in Chile, Portugal, the United States, and the United Kingdom in recent years (18) . However, the exact mortality rates of pertussis in certain regions (as in Iran, for instance) have not been accurately determined, and the available reports may not be conclusive. There are also some conflicting interpretations of the data from certain reports (19) .
A shorter duration of immunity after switching from a whole-cell pertussis vaccine to an acellular pertussis vaccine, the omission of the 18-month booster dose, and the low vaccine coverage outside of capital cities are considered to be the main factors that have led to the pertussis resurgence in younger children (two to three years of age). These findings are not universally observed in other countries using acellular vaccines. According to the SAGE report, the causes of the resurgence vary in different areas, including decreases in vaccine coverage in Chile, increased use of polymerase chain reaction testing (PCR) and disease reporting in Portugal, switching from whole-cell pertussis vaccines to acellular types, and the consequently shorter duration of protective immunity in the United States and the United Kingdom (18) .
The current data have failed to support the idea that there may be a resurgence in Japan (one of the first countries that approved acellular vaccine use universally in 1981) and Thailand (which uses the whole-cell pertussis vaccine), while switching from the whole-cell vaccine to the acellular type was accompanied by an increase in pertussis incidences in 2006 in Singapore (18) . Coverage of the primary pertussis vaccine series is acceptable in Iran as reported by WHO (99%, 99%, and 98% for DTP1, DTP3, and DTP4, respectively) (20, 21) . However, pertussis continues to occur in highly-immunized school-aged children (22, 23) . After a decrease in the reported cases of whooping cough in 1990 in Iran, a slow increase was observed from 2000 to 2013. However, the number of reported cases has 2
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been decreasing since 2014 (21, 24) . The available data reported by WHO are summarized in Figure 1 . Characteristics of the natural cycle of pertussis epidemics in Iran remain unknown because of poor surveillance systems for reporting and registration. Although universal mandatory laboratory reporting is essential for surveillance of pertussis infection, a revision in the case definition has been recommended by some authors instead (25) . (22)) PCR and the culture method are not routinely available for clinical case confirmation in Iran, so the outbreaks are difficult to precisely identify. Without knowing the accurate incidence rate of pertussis among different age groups and various geographic regions, any estimation for tracing epidemiologic changes remains difficult.
Furthermore, any decision to change the national immunization programs, including replacing new types of vaccines, adding or removing of certain vaccine booster doses, or introducing vaccines for certain groups should be based on new changes in pertussis epidemics and local population-based studies in each region. In the following paragraphs, we try to discuss some of the important factors that influence pertussis resurgence.
Vaccine Effectiveness
Decreases in vaccine effectiveness over time, especially with acellular vaccines, have been proposed as a possible cause of the resurgence. This fact has been addressed by researchers and confirmed by various observational studies during the disease epidemics (2, (26) (27) (28) . Augmented T-helper-2 responses instead of T-helper-1 have also been suggested as an explanation for the waning antibody responses with these types of vaccines (29) .
Serological response is not necessarily associated with disease protection (30) . Nevertheless, preliminary studies have shown that the antibody response to acellular vaccines is equal to or even greater than that of whole-cell vaccines. More recent studies have revealed that the protection period of acellular vaccines is shorter than that of the whole-cell vaccines (31) . The half-life of antibody resistance to the pertussis antigens following DTaP and DTP vaccination or natural infection is estimated to range from between six to 12 months and is not considerably different between either type of antigenic induction (30) . The protection period of acellular vaccines is shorter than that of whole-cell vaccines. Some reports indicate that the decline in acellular vaccine effectiveness even after a year reaches 35 to 70 percent (28) . It is estimated that children vaccinated with the DTaP vaccine are four to 15 times more at risk of acquiring pertussis years after the final dose of the primary immunization series in comparison to infants who receive the whole-cell vaccine (32) . Waning immunity after the Tdap vaccine (as a booster dose) is even faster, with a reported 50% reduction in its efficacy after two years (27) .
A recent outbreak which occurred among preschoolaged children in Florida (USA) raised important concerns about the effectiveness of the acellular pertussis vaccine in children between the ages of one and five (33) . Still, despite the variable vaccine effectiveness reported in children who were vaccinated with acellular vaccines, the development of pertussis infection outbreaks has also been shown in children vaccinated with whole-cell vaccines in certain regions including Iran (23).
Pathogen Adaptation
Antigenic alteration in vaccine strain and overproduction of the pertussis toxin are the proposed mechanisms for pathogen adaptation that may have contributed to the resurgence of pertussis. Long-lasting B-cell memory (cellmediated immune response) and the efficacy of antibodies (humoral response) are both affected by antigenic divergence (34) . Certain proteins included in acellular vaccines are vulnerable to the mutation targets resulting in antigenic divergence. These proposed mutations could affect pertussis transmissibility. Furthermore, the efficacy of the antibodies may diminish after such antigenic changes.
Overproduction of the pertussis toxin may alter both innate and acquired immune responses. New alleles of the pertussis toxin promoters (ptxP3 strains) are responsible for pertussis toxin overproduction. In some regions, these new strains are replaced with previously circulating strains (35) (36) (37) . In addition to mutations affecting pertussis toxin promoters that result in phenotypic changes in B. pertussis populations, obvious changes have also been detected in pertactin-type dominancy and tracheal colonization factor A (tcfA) in B. pertussis populations over time (37) . Genes encoding pertactin (Prn) and the tracheal colonization factor have been suggested to be responsible for changing the ability of colonization. Strains containing Prn2 and Prn3 have a higher potency for colonization versus those that have Prn1, and a higher colonization rate leads to increased transmissibility (2) . Some researchers have also proposed that pathogen adaptation (increasing strain fitness) correlates with accelerated waning of immunity by decreasing the period in which pertussis vaccines are effective (34) .
Changes in the B. pertussis strain (such as pertactindeficient B. pertussis) are one of the other concerns regarding the efficacy of the currently-available acellular vaccines (38) . Pertactin is a surface protein which plays an important role in the attachment of B. pertussis to the host cells. Recently, polymorphism in the pertactin (Prn) gene has been described as Prn1-3. Vaccine strains and circulating strains produce Prn1 and Prn2, respectively (39) . Exposure to these novel strains puts those who are vaccinated with acellular type vaccines that contain pertactin as an antigenic surface protein at greater risk for pertussis. Pertactin-deficient B. pertussis strains have been reported in ten countries worldwide (40) (41) (42) (43) (44) .
Pertactin-deficient B. pertussis strains do not express the DTaP antigen (Pertactin) and demonstrate more virulence than those vaccinated with the currently-available acellular vaccines such as DTaP and Tdap (45) . Full pertussis vaccinees are 3.7 times more likely to be infected with pertactin-deficient strains (since they are at a selective advantage for loss of pertactin expression in B. pertussis) (32, 45) .
These findings have shown better suitability of pertactin-deficient isolates in populations who have been administered these vaccines (46) . On the whole, acellular pertussis vaccines are more effective in protecting individuals from disease development rather than preventing infection. A comparative effectiveness evaluation of acellular versus whole-cell vaccines has revealed that whole-cell type vaccinees are at lesser risk of disease progression after exposure to wild type pertussis (17, 26) .
Pertussis Vaccine Strain
One additional point regarding genetic studies should be added to the previous discussion on vaccine effectiveness and bacterial adaptation. Recent findings have shown that the Tohama strain was no longer found in circulating isolates in the post vaccine-era (mainly in those countries that use whole-cell vaccines). These findings are important because the Tohama strain is currently the main strain applied for genomic sequencing in vaccine production (34) and a new generation of vaccines should be considered for solving this problem (38, 47) .
In a recent study in Iran, strains in current vaccine and clinical isolates were reported to have low (approximately 40%) similarities (48).
Bordetella parapertussis
Bordetella parapertussis can also cause a similar clinical syndrome. However, whooping cough due to B. parapertussis usually has a shorter duration (49) . Virulence factors produced by B. parapertussis have some differences from those generated by B. pertussis, as the former does not express pertactin and fimbria proteins. B. parapertussis circulates independently of the pertussis vaccination without any changes in its prevalence or diagnostic characteristics (49, 50) . There are different presumptions regarding the increase in the proportion of pertactin-deficient isolates (such as B. parapertussis) as a consequence of acellular pertussis vaccine usage; for instance, some researchers have proposed that acellular vaccine usage may be associated with increased susceptibility to B. parapertussis infection (51).
Vaccine Type and Colonization Rate
Based on animal studies, acellular vaccines are unable to prevent pertussis colonization. Thus, transmission may happen among vaccinees (52) .
Recently, some questions regarding the efficacy of the currently-available whole-cell vaccines (in Iran and other parts of the world) have been raised by some researchers. This finding may be due to the heterogeneity of vaccine strains and the circulating clinical isolates, and can explain the occurrence of the disease in young children who are not expected to suffer from waning antibody responses (48, 53, 54) .
Lack of Sufficient Booster Doses in Areas That Solely Use the Whole-Cell Vaccine
In countries like Iran that use the whole-cell vaccine without additional adolescent booster doses, waning immunity is expected after six years from the last dose and, consequently, increased incidences of the disease occur among adolescents and young adults. This trend in pertussis prevalence among those of older ages may cause atypical clinical pictures (increased subclinical infection) with delayed diagnosis of pertussis in adults, resulting in increased transmissibility (55) (56) (57) . In a recent multicenter study, the positive anti-pertussis toxin (IgG) (with a cutoff point of 94 U/mL) was found in nearly one third (31.6%) of freshman college students from different parts of Iran. The authors concluded that the high incidence of seropositivity is strong evidence for recent infection with B. pertussis, and that this population serves as a pertussis carrier, causing further circulation of the disease among high risk groups such as young infants (57).
Lessons From Previous Epidemics and Predicted B. Pertussis Epidemics
Despite the previously discussed research, there is a lot of data about the changing epidemiology of pertussis. The resurgence of pertussis has been reported in both countries using mainly whole-cell vaccines as well as in those using mainly acellular pertussis vaccines (18, 32) and perhaps it can be said that the type of vaccination has not changed the frequency of pertussis epidemic cycles, which happen every three to five years.
One of the best designed reports for understanding these changes in the epidemiology of pertussis has been published by Pesco et al. (2) in 2014. In this survey, a different model for assessing vaccine effectiveness and effective transmission (contact) rates was designed and the possible outputs were provided and analyzed. These outputs were compared with real epidemiological changes in different states in the United States between 1993 and 2013. In this mathematical model, after inducing a linear decrease in vaccine effectiveness (VE) during a given period of time, a gradual increase in pertussis incidence was predicted. In contrast, changes in transmissibility that are defined by effective contact rates showed differences in comparison with reduction in VE. When these estimated models of the epidemics were compared with the rates for the real epidemics, interesting similarities were shown for each model. These models were therefore able to explain the possible underlying reason for the changing epidemiology and increase our knowledge about disease resurgence in different geographic regions (2) .
Although such studies may provide predictable data about the changing epidemiology, it should be acknowledged that VE and effective transmission rates are directly or indirectly affected by other factors; for example, transmission rate may be affected by control measures taken during influenza epidemics annually. Also when decreases in VE are accompanied by changes in effective transmission rate, the final changes in disease epidemiology may not be predictable.
Cost-Effectiveness of Switching to the Acellular Vaccine for the Iranian Population
Because on the previously discussed reasons and the lack of adolescent booster Tdap doses in immunization programs in some parts of the world, including Iran, four strategies were recently analyzed and discussed in terms of their cost-effectiveness for the Iranian population by the pediatric infections research center and department of social medicine in Shahid Beheshti University of Medical Sciences. In the first theoretical strategy, the whole-cell vaccine was considered for immunization of all children and the acellular pertussis vaccine for immunization of highrisk groups; in the second strategy, immunization with the acellular pertussis vaccine was considered for all children in addition to those in high-risk groups; in the third strategy, the whole-cell vaccine was considered for immunization of all children and the acellular pertussis vaccine for immunization of high-risk groups with a booster dose for eligible adolescents and adults; finally, in the last strategy, the acellular pertussis vaccine was considered for immunization of all children without immunization of the other groups. These four scenarios were investigated using a decision tree model that was designed under the supervision of the Iranian ministry of health. Implementation of the pertussis immunization project with the acellular vaccine in the four default scenarios was quite cost effective, with cost effectiveness increases smaller than the per capita gross domestic product (GDP) (i.e., 4220 dollars). Based on this report, implementation of the first scenario with the highest level of cost effectiveness thought to be placed on the policy agenda (58).
Conclusions
Despite the high coverage of pertussis immunization among different age groups, pertussis infection continues to persist as a public health problem throughout the world, including in Iran. Many attempts have been made by researchers to determine why, despite this high vaccine coverage, that pertussis continues to circulate in epidemics in different parts of the world. According to the previously discussed aspects of pertussis epidemics, it seems that the occurrence of such outbreaks is multifactorial and based on VE, pathogen adaptation, changes in circulating pertussis strains, other pertussis species that are not contained in the current pertussis vaccines, vaccine type and colonization rate, and the lack of sufficient boosters. These factors all play important roles in the current increasing tendency for disease prevalence. Decreases in vaccine coverage have also influenced the resurgence of pertussis in young children in some parts of the world (18) .
Among the main strategies proposed for the prevention of severe disease and related death in very young infants (including cocooning, immunization of adolescents and pregnant woman, and primary immunization of newborns), the cocoon strategy (vaccination of all adults in close contact with susceptible infants) showed diverse effects on the disease burden in countries applying cocooning immunization practices. Although decreases in infant (< 6 months) death had been reported after successful implementation of the cocoon strategy in Chile (since 2012), the overall disease incidence rate had not changed. Failure of acceptable coverage of this strategy in France was acIran J Pediatr. 2016; 26(4):e5514. 5 companied with little benefits (18) . This strategy involves timely vaccination of parents and caregivers, and therefore the overall impact, cost-effectiveness (economic issues), and acceptance by the family or caregivers are other important issues that affect the successful implementation of this strategy. Because of its limited success, it is not strongly recommended to adopt the cocoon strategy for protection against infant pertussis (18, 59, 60) . Therefore, according to the high incidence rate of pertussis infection in older age groups in Iran (57, (61) (62) (63) (64) (65) (66) , additional booster doses for adolescents and also vaccination of pregnant women seems to be the preferred method to improve the current immunization program's efficacy against occurrences of pertussis infection. Revision to the traditional vaccine strain that is included in current vaccine production is also recommended.
Whole-cell pertussis vaccines (mainly DTP) are frequently accompanied by diverse adverse side effects. Although there are more side effects to account for with the whole-cell pertussis vaccine as compared to the acellular pertussis vaccine, we agree with the current recommendation by WHO that the primary vaccination practice with whole-cell vaccines be continued in conjunction with the implantation of acellular pertussis vaccine for revaccination in adolescents and adults (including pregnant women) via additional booster doses.
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